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Abstract 

By implementing an optical controlled-Not gate, we quantitatively identify the transition from 
quantum to classical with Leggett-Garg inequalities in a dephase environment. The experimental 
results show clear signature of the difference between them, which will play important roles in 
the understanding of some basic physical problems and the development of quantum technologies. 
The method used in our demonstration is also crucial on the realization of macroscopic quantum 
coherence due to the violation of Leggett-Garg inequalities. 
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Quantum mechanics, as a great successful theory, not only gives precise explanation of 
many phenomena but also leads to the development of modern technologies l). However, 
the query on the applicability of quantum mechanics to classical world still exists and the 
boundary between quantum and classical is fuzzy. The identification of the classical with the 
macroscopic has been tentatively accepted in the early development of quantum mechanics 
j^]. This viewpoint is visually described in a famous paradox proposed by Schrodinger 
in 1935 jsj], where he described a "quite absurd" example that a cat may be alive and 
dead at the same time. In order to clarify the validity of generalizing quantum mechanics 
to macroscopic systems, based on the macroscopic realism and noninvasive measurability 
assumptions, Leggett and Garg devised a kind of inequalities (L-G inequalities) 4(, which 
play the similar role as that of Bell inequalities in verifying the nonlocality of quantum 
mechanics j^. The violation of L-G inequalities excludes the classical realistic description 
at the macroscopic level. 

The assumption of noninvasive measurement, which describes the ability to determine 
the state of the interested system without any disturbance on its subsequent dynamics, 
was criticized for its invalidity in quantum mechanics 

a a. 

But it is the postulate of 

the macroscopic realistic description just as Leggett and Garg demonstrated [8|, |9_|. There 
have been many proposals for testing such kind of inequality by employing superconducting 
quantum interference device 0, [h]] , however, no experimental test has been reported so far 
due to the difficulty of noninvasive measurement with that system. Fortunately, we may solve 
this problem with the help of the booming interdisciplinary field of quantum information. 
The prototypical controlled-Not (CNOT) gate H| with an input ancilla used as the target 
qubit and the interested physical system as the control qubit, is the good candidate to 
realize the idea of coupling the interested system to a probe |4| . By implementing a CNOT 
gate, the state information of the interested system can be obtained without disturbing its 
subsequent dynamics. Thus, noninvasive measurement is realized. 

Actually these two assumptions of L-G inequalities can be extended to any physical 
systems under the realistic description. In such description the state of the interested system 
with two or more distinct states available to it will at all times be in one or the other of these 
states and we can detect the state without any perturbation on its subsequent dynamics. 
As a result, different types of L-G inequalities can be deduced and they are used as the 
criterion to distinguish quantum superposition and classical mixture 12|, Il3fl . Here, we 
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consider the single qubit L-G inequalities and used them to identify the transition from 
quantum evolution process to classical evolution process in a decoherence environment. 

Consider an observable Q(t) of a two level physical system, where |0) and |1) are the 
two eigenstates of Q(t) with the eigenvalues of +1 and -1. Two different times correlation 
function of this observable is defined as K(ti,t 2 ) = (Q(ti)Q(t 2 )) . Now consider three dif- 
ferent times ti, t 2 and £3. As the same deduction of Huelga et al. [ijj], we can get the two 
inequalities under the realistic description: 

K(t u £ 3 ) - K(t u t 2 ) - K(t 2 , £ 3 ) > -1, (1) 



K(t u £3) + K(t u £ 2 ) + K{t 2 , £3) > -1. (2) 

These two inequalities are the Wigner type L-G inequalities Q, In order to experi- 
mentally verify these inequalities, the values of K(ti,t 2 ), K(t 2 ,t s ) and iT(£i,£ 3 ) should be 
measured. If we choose £1 as the initial time, i.e. £1 = 0, we can conveniently used projective 
measurement at £2 and £3 to get K(t\,t 2 ) and K{t\,t^). It is because the dynamics after 
£2 and £3 are not of interest in these two cases. While measuring K(t 2 ,t^), we implement 
noninvasive measurement at £2 and projective measurement at £3 so as to strictly follow 



the original assumption [4]. This can be realized with help of the CNOT gate and the logic 
circuit is shown in figured! The two-level ancillary state is initially prepared into the ground 
state |0) a . The interested physical system with initial state evolves in the environment 
E with operation of U between £1 and £2, and U' between £2 and £3. At time £2, the physical 
system used as the control qubit is coupled to the ancilla which is used as the target qubit. 
If the state of ]?/>) is |0), the ancilla state keeps on |0) a without any change. On the other 
case that the sate \ip) is |1), the state of the ancilla will be flipped and change to the excited 
state |l) a . As a result, by detecting the state of the ancilla, we can know the state of \ip) at 
£ 2 without disturbing its subsequent dynamics. 

Photon qubits which is easily manipulated at the single qubit level and can be excel- 
lently isolated from the environment, play important roles in quantum communication and 
quantum computation ly, [17| . It has been shown that by encoding a single photon with 



several qubits the CNOT gate can be readily realized with simple optical components 18]. 
Such kind of CNOT gate has been used to implement the Grover's search algorithm 19]. 
Moreover, by introducing birefringent crystals where the coupling between the photon's po- 
larization and frequency modes occurs, we can simulate a fully controllable "environment" to 
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FIG. 1: Logic circuit to measure the value of K(t2,t$) with a CNOT gate. [0) a is the initial state 
of the ancilla. is the state of the system. E represents the environment with operation of U 
between t\ and t2, and U' between ti and t$, respectively. 



investigate the evolution of the photon state [20|. Here, we encode the observable Q(t) as the 
polarization of a single photon, where the 45° linear polarization state \H) = -j=(\H) + \ V)) 
( \H) and \V) represent the horizontal and vertical polarization states respectively) is used 
as |0) with the eigenvalue of +1 and the— 45° linear polarization state \ V) = ^=(\H) — |V)) 
as |1) with the eigenvalue of -1. In our experiment, we use the herald single photon source 
produced from the pulsed parametric down-conversion process in a nonlinear crystal 21]. 
In this process, one of the photon is used as the trigger, while the other is prepared to be 
\H) and used as the initial input state. 

Fig. [2] shows the experimental setup for investigating the evolution of the interested 
photon. Two equal sets of quartz plates, each of which contains a quartz plate q with 
thickness L and a tiltable combination of quartz plates M, correspond to the operation of 
U and U' in fig. [TJ The solid pane M contains two parallel quartz plates with thickness of 
8Ao (Ao=0.78/im) and a mutual perpendicular quartz plate with thickness of 16Ao, where 
the black bars represent the direction of their optical axis. By titling these two 8Ao quartz 
plates, we can introduce the required relative phase between the ordinary and extraordinary 
light. In our setting, U=U', which means that the evolution time from t± to £2 is the same as 
that from £2 to £3 (the time duration is denoted as t). The polarization beam splitter (PBS) 
and the three half wave plates (A/2) with optical axis set to be 22.5° located in the dashed 
pane transmits the 45° polarization state (path 1) and reflects —45° polarization state (path 
2). As a result, if the ancilla qubit is encoded as the path information of the photon, the 
dashed pane acts as the CNOT gate with the path of the photon used as the target qubit 
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and the polarization used as the control qubit. The dashed pane is inserted at time t 2 only 
when we measure Kfajts). The final detection basis is chosen by the polarizer (P). The 
photon in path 1 (path 2) is coupled by a multimode fiber to the single photon detector Dl 
(D2). Long pass lens (LP) are used in front of the detectors to minimize the influence of 
the pump beam light. 
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FIG. 2: (Color on line). The setup for investigating the evolution of the interested photon. The 
two sets of quartz plates q with equal thickness and the two tiltable combination of quartz plates 
M represent the evolution environment, where black bars represent the optical axes of the quartz. 
The dashed pane contains a polarization beam splitter (PBS) and three half wave plates (A/2) 
with optical axes set to be 22.5° is used when we measure K{t 2 ,t%). The final measurement basis 
is chosen by the polarizer (P). The photon in path 1 (path 2) is then coupled by a multimode fiber 
to single photon detector Dl (D2). Long pass lens (LP) is used to minimize the influence of the 
pump beam light. 

We first analyse the single photon L-G inequalities under the realistic description where 
the system can only be on one of these two states \H) (H\and \V)(V\. If the input pho- 
ton state is initially in the state po — \H)(H\, after evolution time t, the state becomes 
p t = (1 — a)\H){H\ + a|V A )(V A |, where a is a function of t and < a < 1. With 
further identical interaction time t in the same environment, the final state evolves to 
p 2t = (a 2 +(l-a) 2 )\H)(H\+2a(l-a)\V)(V\. Therefore, K(t u t 2 ) = P^-P^ = l-2a 
and K(tx,t 3 ) = Pjj^hs ~ Ph u v 3 = 4 " 2 - 4a + 1, where P Gi , 0j {G,0 e {H,V},i,j G 
{1, 2, 3})represent the probability of detecting O polarization at time tj when the initial 
polarization is G at time t«. While for K(t2,tz), with the implementation of noninvasive 
measurement at time t 2 , we have the probability of 1 — a to get \H)(H\. After another 
evolution time t, the final state is the same as pt- We also have the probability of a 
to get | V) (V| and the subsequent state becomes p' t — (1 — a)|V)(V| + a\H)(H\. As a 
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result, we can get K(t 2 ,t 3 ) = Pjj^P^^ - Ph 2 ,v 3 ) + p v 2 { p v 2 y 3 ~ P v 2 ,h 3 ) = 1 ~ 2 «> 
where Pq, represents the probability to detect G at time U. It is then easy to verify that 
K(h, t 3 ) - (tffa, i 2 ) + K(t 2 , t 3 )) + 1 = 4a 2 > and K(t ± , t 3 ) + (K^, t 2 ) + K(t 2 , t 3 )) + 1 = 
4(ct — l) 2 > for every a. Therefore, the inequalities (2) and (3) are trivial results in the 
realistic description. 

We now analyse the experiment from the viewpoint of quantum mechanics. Consider the 
case of coherence evolution, where q=0 and the evolution effect is imposed by tilting the 
quartz in the solid panes M. Because U=U', the induced relative phase between the ordinary 
and extraordinary light is S from evolution time t\ to t 2 as well as from t 2 to t 3 . As a result 
the induced phase from tito t 3 is 25. 

If the input state is \H), after passing the first solid pane M the state becomes \ipt 2 ) = 
|(1 + e iS ) | H) + |(1 - e iS ) | V). As a result, K(t u t 2 ) = Ph{h 2 - = cos5 - With the 

same analysis, we can get K(ti,t 3 ) = Pjj 1 h 3 — Pji^s = c os25. When measuring K(t 2 ,t 3 ), 
if the state is detected to be \H), its subsequent evolution state is the same as \i>t 2 )\ if 
the state is |F), the state becomes \ip' t2 ) = \{\ + e iS ) \ V) + \{l - e iS ) \ ~H). Therefore 

K(t 2 ,t 3 ) = Ph 2 {Ph 2 h 3 -Ph 2 v : J + p v 2 ( p v 2 v 3 - p v 2 h 3 ) = cos5 > which is the same as -K"(*i, * 2 ). 
These two L-G inequalities can be calculated as 

K_ = K(t u t 3 ) - K(t 1: t 2 ) - K(t 2 , t 3 ) = cos(25) - 2 cos(5), (3) 

K + = K(h,t 2 ) + K(t 2 , t 3 ) + K(t u t 3 ) = cos(25) + 2 cos(5). (4) 

It can be seen that K_ reaches its minimum —1.5 with 5 — | and K + also reaches its 
minimum —1.5 with 5 — which both maximally violate the inequalities (1) and (2), 
respectively. 

We further consider the decoherence evolution case, which is achieved by increasing the 
thickness of quartz plates q. In such case, the frequency spectrum of the photon is considered 
as a Gaussian amplitude function f{uj) with the central frequency u corresponding to the 
central wavelength 0.78 /im and frequency spread a. After the photon passes through the 
quartz plates with thickness L, for a special frequency u, the induced relative phase is au, 
where a = LAn/c. c represents the velocity of the photon in the vacuum and An is the 
difference between the indices of refraction of ordinary and extraordinary light. Consider 
the contribution of all the frequencies, the final form of the L-G inequality can be written 
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as 



K- = cos(2au;o) exp(— -a 2 a 2 ) 



2 cos(aw ) exp( 
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2 2^ 

-a cr 



cos(2ao;o) exp( — a a ) + 2 cos(au; ) exp( a a ). 

4 16 



(5) 
(6) 



We can find that when the thickness L is small and the second small quantity is neglected, 
equations fl5j) and (jSJ) trends to Q and (jl]), respectively. From the deduction above, we 
can find K{t\ , t-i) — K(t2,ts), which is the same as the result with the additional station- 



ary assumption 
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13| and have been verified in the experiment of measurement induced 



quantum coherence recovery 



221 ] . In this experiment, we use this relationship directly. 
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FIG. 3: Identifying the transition from quantum to classical with K_. Red dots represent the 
experimental results. Solid lines are the theoretical fittings employing the equation ([5]). The 
dashed line represents the classical limit -1. The inset displays the oscillation in the blue dash 
pane. The x axis represents the retardation of quartz plates between t\ and ti. Ao = 0.78 //m. 
Error bars which due to counting statistics are smaller than the symbols. 

Fig. [3] and H] represent the envelope evolution of K_ and K + as the function of the 
thickness of quartz plates between t\ and t 2 . The insets in these two figures represent 
the oscillation between the experimental maximum and minimum in the dashed pane. We 
increase the quartz plates every 4Ao and tilt the quartz plates in the solid pane M to detect 
K(ti,t 2 ) and K(ti,t 3 ) every 5° in each integral A (K(t 2 ,t 3 ) = K(ti,t 2 )). We then linearly 
process the data of K(ti,t 2 ), K(t 2 ,ts) and K(ti,ts) to get the results of other thickness. 
When the thickness of quartz plates is small, the L-G inequality is violated which is consistent 
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FIG. 4: Identifying the transition from quantum to classical with K + . The inset represents the 
oscillation between the maximum and minimum in the blue dashed pane. 

with the case of coherence evolution demonstrated above and can be seen clearly from the 
inset in fig. [3j The minimum of K_ we get is —1.461 and K + is —1.521, both of which are 
close to the theoretical prediction —1.5. Therefore, the violation of L-G inequalities exclude 
the classical realistic description of quantum system and support the quantum description 
in another way. With the increase of quartz plates, the violation of L-G inequalities becomes 
increasingly weak. It can be seen that K T do not violate the classical limit —1 again when the 
thickness of quartz plates is increased to about 33 Ao- This implies that when the thickness of 
quartz plates is larger than 33A , the evolution process can be described by classical realistic 
theory. Therefore, we have identified the transition from quantum evolution process to 
classical evolution process with L-G inequalities. Solid lines in fig. 3 and 4 are the theoretic 
predictions employing equations (jSJ) and ([6]) with a fitting to 3.56 x 10 13 Hz. 

In summary, we experimentally violate two L-G inequalities in an all optical system with 
the implementation of a CNOT gate. When the photon with the coherence length about 
50 /im evolves in a dephase environment, the L-G inequalities can be used as a criterion to 
identify the transition from quantum evolution to classical evolution process, which leads 
to a deep understanding of the difference between them. This method can be extended to 



other systems and is important on the realization of macroscopic quantum coherence [23 ]. 
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